Lead-carbon composites are effective additives in lead-carbon negative electrode due to their beneficial influences on the performance of negative electrode of lead-carbon battery operated under high-rate partial-state-of-charge duty. In this paper, to further investigate the effects of the lead monoxide (PbO) deposition ratio of activated carbon (AC) based lead-carbon composite additives, we prepared lead-carbon composites (termed as PbO@AC) with different controllable PbO deposition ratios successfully through a facile coupled chemical-deposition/pyrolysis strategy. The hydrogen evolution reaction of AC and lead-carbon electrode is effectively inhibited through the deposition of PbO. PbO@AC-2 sample with a PbO deposition ratio of 9.9% exhibits the best electrochemical performances when used as the negative electrode additive. The evidently enhanced performances of lead-carbon electrodes, such as rate capability and cycling life under high-rate partial-state-of-charge operation, indicate the beneficial effects of deposited PbO. Particularly, PbO@AC-2 battery exhibits the longest cycling life of more than 10,000 cycles which is 1.956 times that of lead-carbon battery with AC as the negative electrode additive. The improved performances of lead-carbon electrode enabled by PbO@AC-2 originate from both the inhibition of hydrogen evolution reaction and the enhanced electrochemical reversibility of the Pb/PbSO 4 redox reaction. PbO@AC-2 exhibits the best trade-off between inhibiting hydrogen evolution and building extra electrochemical active area for the deposition of Pb.
Introduction
Sulfation of Pb negative electrodes is the main failure mode of lead-acid battery (LAB) under high-rate partial-state-of-charge (HRP-SoC) operation, which limits the application of LAB in hybrid electric vehicles [1] [2] [3] [4] . Adding carbonaceous additives into negative active material (NAM) has been demonstrated as an effective strategy owing to the outstanding inhibiting sulfation effects of carbonaceous materials [5] [6] [7] [8] [9] [10] [11] . The performances of LAB, such as rate capability, charge acceptance, especially the cycling life under HRPSoC operation, are obviously improved through adding carbonaceous materials into NAM [6, 12, 13] . Hence, LAB negative electrodes with carbonaceous additives are termed as lead-carbon electrodes [14] . In the past few years, activated carbons (ACs) that have high specific surface area (SSA), high pore volume or high specific capacitance in sulfuric solution attract lots of attentions as additives in lead-carbon electrodes [7, [15] [16] [17] [18] [19] . Never theless, the addition of ACs with large SSA exacerbates the hydrogen evolution reaction (HER) during the charge progress and produces a large amount of hydrogen that cannot be consumed in an internal circulation [20] [21] [22] . The exacerbated HER on lead-carbon electrode causes the water loss of electrolyte, degenerates the structural stabilities and the electrochemical performances of lead-carbon electrodes [22] , finally leading to the failure of lead-carbon battery. The HER of lead-carbon electrodes has become a crucial issue to realize the commercial applications of AC additives in lead-carbon battery.
Besides the addition of hydrogen evolution inhibitors, like metals and metallic oxides with high overpotential of HER into NAM [23] [24] [25] , studies have shown that the surface modification of carbonaceous materials is another effective way to suppress the HER of lead-carbon electrode [19, [26] [27] [28] [29] [30] [31] [32] [33] [34] . Reducing the content of acidic oxygen functional groups on carbon surface effectively suppresses the HER of ACs [19] . Moreover, the deposition of Pb or PbO is extensively investigated in the past few years [30] [31] [32] [33] [34] because of the high HER overpotential of lead species. These prepared lead-carbon composites exhibit effective inhibition towards HER and improve the cycling life of lead-carbon electrode. Zhang's group [33] studied the role of Pb on mesopore-dominated porous carbon by tracking the morphology evolution of electrodeposited nano-lead. They found that the electrodeposited lead particles inside the pores of carbon contribute to reversible capacities during cycling. Qiu's group [30] pointed out that the enhanced performances https://doi.org/10.1016/j.electacta.2020.135868 0013-4686/© 2020. of lead-carbon electrode are related to the increase of the SSA and total pore volume of PbO/CB composites. The increased PbO content on carbon black (CB) particles is a key factor to decrease the SSA of CB and the real SSA of the negative plates, which degrades the HRPSoC cycle performance. However, the influences of lead deposition ratio on the structure of lead-carbon composites and the electrochemical performances of lead-carbon electrodes are still unclear. The correlation between lead-carbon composite structure and electrode performances has not been further investigated.
Hierarchical porous rice-husk-based activated carbon (AC) has been applied as an effective additive for lead-carbon battery application by our group in the past few years [32, 35] . In order to obtain an efficient AC based additive and investigate the effects of lead monoxide (PbO) deposition ratio, PbO@ACs with different PbO deposition ratios were prepared through a facile coupled chemical-deposition/pyrolysis method in this work. Physical characterization techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), thermal gravimetric analysis (TGA) and N 2 adsorption-desorption were used to characterize the physicochemical characteristics of PbO@ACs. The effects of PbO@ACs on the structural characteristics and electrochemical performances of lead-carbon electrodes were investigated by physicochemical and electrochemical methods. The influences of PbO deposition ratio in PbO@ACs on the electrochemical performances of lead-carbon electrodes were further studied by comparing with the structural evolution and electrochemical performances of lead-carbon electrodes with different PbO@ACs.
Experimental

Chemical agents
AC (Jilin Kaiyu Biomass Development and Utilization Co., Ltd., China) was used to prepare PbO@AC composites in this work. Polytetrafluoroethylene suspension (PTFE) with a concentration of 60 wt% and acetylene black material were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (China) and Cabot Corporation (USA) respectively. Leady oxide powder (oxidation degree 72-78%, apparent density 1.35-1.5 g cm −3 , acid absorption value 0.2-0.3 g g −1 ), short polymer fiber, nano barium sulfate, acetylene black, humic acid, sodium lignin sulfonate, lead alloy grid (composed of Pb-Ca (0.12 wt%)-Sn (0.16%)), PVC battery tank and 3 mm thick AGM separator etc. were donated by Jilin Kaiyu Electrochemical Energy Storage Technologies Development Co. Ltd., Changchun (China). Other chemical reagents used in this work were of analytical grade from Beijing Chemicals Co. Ltd. (China). The deionized water was supplied with a resistivity of 18.25 MΩ cm.
Preparation of lead-carbon electrodes
PbO@ACs with different PbO deposition ratios were prepared via the following method. Firstly, 2.0 g AC was mixed with 23.6 ml, 50 ml, 112 ml lead nitrate solution (20 mmol L −1 ) through magnetic stirring, respectively. Then 40 mmol L −1 sodium hydroxide solution was added into the mixture drop by drop until pH reached 10. The precipitates were desiccated in a vacuum under 100°C for more than 12 h after filtration and wash with deionized water. Finally, the precipitates were heated under 380°C in N 2 atmosphere for 1 h with a heating rate of 5°C min −1 . The prepared PbO@ACs were named as PbO@AC-1, PbO@AC-2, PbO@AC-3.
Control electrode and lead-carbon electrodes were prepared through a conventional pasting method [22] . Short polymer fibers, barium sulfate, acetylene black, humic acid and sodium lignosulfonate were added into NAM with a mass proportion of 0.13%, 0.8%, 0.2%, 0.2% and 0.2% compared to the mass of leady powder. The homogeneous NAM was finally pasted onto lead alloy grid with sizes of 10 × 10 × 1.5 mm 3 and 40.0 × 68.0 × 1.5 mm 3 after mixed with de-ionized water and sulfuric acid (8.3%, s.g.1.41). These electrodes were cured under a programmed curing processes (50°C, 98 RH for 24 h; 55°C, 80 RH for 15 h; 60°C, 30 RH for 3 h and finally dried at 70°C for 3 h) and named as control electrodes. AC and PbO@ACs were added into NAM with a carbon mass ratio of 2 wt% to prepare lead-carbon electrodes. Small electrodes with a size of 10 × 10 × 1.5 mm 3 were used to investigate the electrochemical behaviors of lead-carbon electrode with AC based additives. Test batteries were assembled by one prepared electrode and two formed positive electrodes (28 g ± 0.2 g, 40.0 × 68.0 × 1.5 mm 3 ) separated by 3 mm AGM separator. The test batteries were formed using a formation process adopted by our group [32, 35] . Sulfuric solution (5 mol L −1 ) was filled into tank as electrolyte.
Physicochemical characterization
The morphologies of four additives and five electrodes were analyzed using scanning electron microscope (SEM, SU8020, Hitachi, Japan) and transmission electron microscope (TEM, Hitachi H-800 electron microscope, Japan). X-ray photoelectron spectroscopy (XPS) was employed to characterize the elemental compositions of four additives by using ESCALAB250 spectrometer (Thermo Electron Corporation, USA). The crystal structure was characterized by X-ray diffraction (XRD, Empyrean, PANalytical B·V., Netherlands). Moreover, PbO deposition ratio in PbO@ACs was analyzed by using thermal gravimetric analysis method with a heat ramping rate of 10°C min −1 from 20°C to 900°C under air atmosphere (TGA, NETZSCH STA499F3 QMS403D/ Bruker V70, Germany). The SSA and pore size distributions (PSD) of four additives were tested via a 3H-2000 p.m.2 instrument (BeiShiDe Instrument, China) and analyzed by applying the Brunauer-Emmett-Teller (BET), T-plot and density functional theory (DFT) models.
Electrochemical tests
The electrochemical performances of additives and lead-carbon electrodes in sulfuric solution were performed in a three-electrode system coupled with an electrochemical work station (PMC1000, Ametek, USA). Sulfuric acid solution with a concentration of 5 mol L −1 was the electrolyte and mercurous sulfate electrode (Hg/Hg 2 SO 4 in 5 mol L −1 sulfuric acid solution) was used as the reference electrode. For characterizing the performances of additives, uniform carbon films (10 × 10 mm 2 , 4.0 ± 0.1 mg) which include 85 wt% additives, 10 wt% acetylene black and 5 wt% PTFE were prepared and pressed onto lead plate surface. These lead plates coated with different carbon films act as working electrodes in electrochemical test, such as linear scan voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Therein, EISs were tested under frequencies ranging from 100 kHz to 10 mHz with a voltage amplitude of 10 mV. The EIS results were simulated via a Zsimpwin software. In addition, LSV and chronoamperometry were employed in a lead nitrate solution with a concentrate of 0.1 mol L −1 to perform the electrodeposition behavior of Pb on the surface of additives. Potassium nitrate (0.5 mol L −1 ) was the supporting electrolyte and Hg 2 Cl 2 reference electrode (saturated potassium chloride solution) was used as the reference electrode.
Galvanostatic charge-discharge tests were performed on a NEWARE battery tester (BTS-5V50mA, BTS-5V6A, Shenzhen NEWARE Electronics Co., Ltd., China). 2.4 V and 1.75 V were defined as the cut-off voltage during charge-discharge progress respectively. Initial specific capacity (C 0 ) was tested under a current density of 5 mA g −1 . Peukert equation was used to acquire the hour-capacity relationship based on the capacities under current densities of 5, 10, 20, 50 mA g −1 . Cycling life under HRPSoC operation was performed at 50% state-of-charge with a discharge rate of 1C (versus the 1 h-rate capacity). Fig. 1a shows the XPS survey spectra of four additives for lead-carbon electrodes. As presented, the newly appeared peaks of PbO@ACs with binding energies of 140 eV and 414 eV are ascribed to the characteristic peaks of Pb 4f and Pb 4 d [30, 34, 36] , which indicates the existence of lead element in the prepared PbO@ACs. Combined with the XRD patterns in Fig. 1b , it is further proved that PbO is the main form of lead element in PbO@ACs. The three remarkable peaks at 28.6°, 31.8°a nd 48.6°correspond to the characteristic planes of (101), (110) and (112) of tetragonal PbO, respectively. The existing XRD peaks of Pb suggest the reduction of PbO during pyrolysis [28] . For analyzing PbO deposition ratios, TGA was performed and the results are shown in Fig. 1c and Table 1 . The calculated PbO deposition ratios in three PbO@ACs are 5.6%, 9.9% and 20.3%, respectively. These values are close to the theoretical values (5.0%, 10.0% and 20.0%), which indicates the PbO deposition ratio of PbO@ACs is controllable. In addition, the mass loss progress of PbO@ACs is significantly ahead of that of AC and gradually moves to lower temperatures as the increase of PbO deposition ratio. This movement suggests that the presence of PbO particles can promote the thermal decomposition of AC. In other words, the PbO is reduced by AC and converted to metallic Pb. Overall, the employed chemical-deposition/pyrolysis method realized a controllable preparation of PbO@ACs with different PbO deposition ratios. Fig. 2a displays the N 2 adsorption/desorption isotherms. The isotherms of PbO@ACs and AC are combined of I/IV types with obvious hysteresis loops, indicating hierarchical pore structures with rich micropores and mesopores. Fig. 2b and Table 2 present the analyzed results obtained by BET and DFT models. The SSAs and pore volumes decrease gradually from 1842.89 m 2 g −1 , 0.7572 cm 3 g −1 of AC to 1793.84 m 2 g −1 , 0.7368 cm 3 g −1 of PbO@AC-1, 1557.30 m 2 g −1 , 0.6324 cm 3 g −1 of PbO@AC-2 and 1375.15 m 2 g −1 , 0.5580 cm 3 g −1 of PbO@AC-3. Although PbO deposition ratio reaches 20.3%, PbO@AC-3 still has a mesopore volume (V meso ) of 0.1936 cm 3 g −1 , accounting for 25.7% of total pore volume (V total ). Thus, PbO@ACs are composites with porous structures and high SSAs in general. This porous structure of PbO@ACs is beneficial to the storage of sulfuric solution [37] . The PSD curves shown in Fig. 2b illustrate that PbO@ACs have composed of micropores that centers around 0.4-0.6 nm. The deposition of PbO particles does not cause a significant change in pore size.
Result and discussion
For investigating the influence of PbO deposition on porous structure of PbO@ACs, the theoretical porous properties of the mixture with different AC and PbO proportions are calculated based on the tested values of PbO and AC in Table 2 . Fig. 2c and d displays the comparison results of the SSAs and pore volumes between PbO@ACs and the mixtures. As presented in Fig. 3 , the uniformly distributed PbO particles not only deposit on the surface of AC ( Fig. 3b-d ) but also into mesopores ( Fig. 3f and g) . These deposited PbO particles occupy the space and surface of carbon pores, leading to a decline on SSAs and pore volumes of PbO@ACs. PbO@AC-3 exhibits a lower deviation on S mic (48.36 m 2 g −1 ) and a larger deviation on external specific surface area (ESSA, 45.57 m 2 g −1 ) compared with 78.22 and 25.07 m 2 g −1 of PbO@AC-2 ( Fig. 2c ). These differences imply the evolution of deposition sites as the increase of PbO deposition ratio. The consistent decreasing values of V meso imply the deposition of PbO particles in AC's mesopores. However, the deviation tendency of V mic and V meso is different from that of ESSA. PbO@AC-3 which has a larger deviation on ESSA exhibits a smaller deviation (0.022 cm 3 g −1 ) compared with 0.034 cm 3 g −1 of PbO@AC-2. This result points out that the PbO particles mainly occupy the external surface of AC when PbO deposition ratio increases to 20.3%. By contrast, PbO@AC-2 retains a large ESSA compared with PbO@AC-3. The decreased external surface of PbO@AC-3 may decrease the active sites for reversible deposition of Pb.
The increased values on S mic, ESSA and V mic of PbO@AC-1 can be ascribed to the slight reaction between PbO and carbon. This reaction can facilitate the form of pores on carbon surface (Fig. S1 ). Fig. 4a presents the LSV curves of PbO@ACs. The LSV curve of AC exhibits a linear shape between −0.7 V and −1.4 V. This linear increasing current density is related to the evident HER of AC. By contrast, the lower current densities of PbO@ACs between −0.7 V and −0.96 V imply the inhibition of HER due to the deposition of PbO. Fig. 4c and d displays the Nyquist plots of PbO@ACs after reduction. The open circuit potential of Pb in 5 mol L −1 H 2 SO 4 is approximately −0.965 V with respect to the Hg/Hg 2 SO 4 reference electrode. Thus, the HER is the primary process when the test potential is set in the range from −1.0 V to −1.4 V. Evidently, PbO@ACs exhibit excellent inhibiting effects on HER as indicated by their larger Nyquist semicircles compared with that of AC. The increased time constant (τ) of HER under −1.25 V (from 6.3 ms of AC to 198 ms of PbO@AC-1, 167 ms of PbO@AC-2 and 500 ms of PbO@AC-3) indicates the decreased kinetics of HER on PbO@ACs. Fig. 4b presents the 20th CV curves. The response current density of oxidation peak and reduction peak (I O and I R respectively) obviously increases as the increase of PbO deposition ratio. This positive correlation indicates that the deposited PbO particles not only inhibit the HER of AC, but also participate in the Faradaic reaction between Pb and PbSO 4 as an energetic material. These peaks also imply that the conductive surface of AC can offer extra electrochemical active area for the charge transfer of Pb/PbSO 4 redox couple when compared with that of pure lead plate [19, 31] . [29, 30] . The enhanced reduction of PbSO 4 is beneficial to enhancing the electrochemical activity of deposited PbO particles on PbO@AC-2. Fig. 5a presents the LSV curves of control electrode and lead-carbon electrodes with a scan rate of 1 mV s −1 . As shown in Table 3 Fig. 5d presents the 20th CV curves of control electrode and lead-carbon electrodes. The peak currents of electrodes with AC and PbO@ACs are obviously enlarged compared with that of control electrode, indicating an enhancement on the SSA of energetic lead. This increment is related with the increased SSA of NAM (S NAM ) ( Table  5 ). Owing to the decreased SSA of PbO@ACs (Table 2) , PbO@ACs electrodes show lower S NAM compared to that of AC electrode before formation. However, it should be noted that S NAM of electrodes with PbO@ACs is enlarged evidently after formation, even larger than 15.6 m 2 g −1 of AC electrode. Particularly, S NAM of PbO@AC-3 electrode reaches 19.6 m 2 g −1 . This increment implies that PbO@ACs not only contribute the SSA of AC, but also improve the SSA of Pb (S Pb ) as well. Fig. 6b -e illustrate the SEM images of lead-carbon electrodes. Obviously, the addition of AC and AC based composites result in the evolution of surface morphology of lead-carbon electrodes [39, 40] . Rod-shape lead particles exist on the surface of AC electrode forming a porous structure. However, these particles are relatively independent. By contrast, the addition of PbO@ACs results in a porous structure with connected flaky lead particles on electrode surface. The value of │I R /I O │ is used to express the reversibility of Pb/PbSO 4 redox reaction in Fig. 5d [29, 30] . The low values less than 1 indicate that the reduction of PbSO 4 is still limited in lead-carbon electrodes. Combined with the inhibited HER of PbO@ACs electrodes, it suggests that the increased │I R /I O │ values of PbO@AC-1 electrode and PbO@AC-2 electrode imply a higher charge acceptance compared with AC electrode. The largest │I R /I O │ value of PbO@AC-2 electrode is 0.746, suggesting the best reversibility of Pb/PbSO 4 redox reaction in lead-carbon electrodes.
Charge-discharge results are displayed in Fig. 7 . Herein, the initial specific capacity (C 0 ) of control electrode is only 121 mA h g −1 , accounting for 46.5% of the theoretical specific capacity of lead (258 mA h g −1 ). The C 0 of AC electrode is effectively improved to 128 mA h g −1 .
PbO@ACs electrodes exhibit higher C 0 of 148 mA h g −1 approximately. It is self-evident that the Faradaic capacities of de The hour-rate specific capacities are calculated via Peukert equation and displayed in Fig. 7b . Results show an outstanding enhancement of PbO@ACs on the rate capability of lead-carbon electrodes, especially under high rate discharge. As calculated, PbO@AC-2 electrode has the highest 1-h-rate specific capacity (113 mA h g −1 ) with an increment of 37.35% and 29.55% compared with that of control electrode and AC electrode. But, PbO@AC-3 electrode exhibits a much lower specific capacity although it owns a similar C 0 with PbO@AC-2 electrode. It suggests that the performance of lead-carbon electrodes under high discharge rate is limited when PbO deposition ratio of PbO@ACs increases to 20.3%, which is attributed to the decrease of electrochemical active area.
The cycling life of lead-carbon electrodes under HRPSoC operation is presented in Fig. 7c . The cycling life of lead-carbon electrodes with AC and PbO@ACs reaches 2057, 2522, 4284 and 2095 cycles respectively, which is much longer than 460 cycles of control electrode. Therein, PbO@AC-2 electrode exhibits the longest life which is 8.32 and 2.08 times compared with that of control electrode and AC electrode. Fig. 6f -j shows the surface morphology of lead-carbon electrodes after HRPSoC operation. The smaller particle size of PbSO 4 particles and more uniform surface morphology of PbO@ACs electrodes indicate an effective inhibition on lead sulfation. Moreover, compared with the surface of AC electrode, the surface of PbO@AC-3 electrode shows a well-connected lead-carbon structure (Fig. 6j ). Numerous lead particles deposit on AC surface which are connected to the lead particles around [40] . However, the relatively large particle size of PbO@AC-3 electrode (Fig. 6j) implies an inferior inhibiting effect on sulfation. For further understanding the influences of PbO@ACs during HRPSoC operation, voltage-time curves of different cycles are investigated. Fig. 7e shows decreased voltage curves of PbO@ACs electrodes compared with that of control electrode and AC electrode. Combined with the potential curves of positive electrode under different current (Fig. S2) , it is found that the change of voltage is mainly caused by the negative electrode (with a size of 10 × 10 × 1.5 mm 3 ). The addition of PbO@ACs effectively decreases the polarization of PbO@ACs elec trodes during charge progress, which is related to their low charge-transfer resistances (Fig. 5c ). However, the charge curves of 1000th cycle (Fig. 7f ) exhibits an increased charge voltage, which suggests an obvious negative polarization of negative electrode. This implies the decline of charge acceptance. Besides, the increased initial charge voltage of PbO@AC-3 electrode also reveals the increased polarization. By contrast, the maintained low-polarization curve of PbO@AC-2 electrode suggests a continuous and fast transformation from PbSO 4 to Pb in the previous 1000 cycles. Fig. 7d displays voltage profiles of batteries assembled by one negative electrode plate and two positive electrodes with a geometric size of 40.0 × 68.0 × 1.5 mm 3 . The addition of PbO@AC-2 additive prolongs the battery cycling life to more than 10,000 cycles which is 1.956 times that of the cycling life of AC battery. The cycling life of PbO@AC-2 battery enhanced by 122% compared with that of AC battery, which is a significant improvement when compared with other composite additives (Table 6) . Therefore, the construction of porous electrode with high electrochemical active area for Pb/PbSO 4 redox reaction (Fig. 8a) is realized through the addition of PbO@AC-2, which effectively improves the [32] . c R3 represents the transfer resistance of the hydrogen evolution process [38] . rate capability of lead-carbon electrode. In addition, the inhibited HER and enhanced reversibility of Pb/PbSO 4 redox reaction are the key factors to realize the excellent cycling life of lead-carbon electrode with PbO@AC-2. However, the significant attenuation of the cycling life of PbO@AC-3 electrode indicates that PbO deposition ratio has a close correlation with the performance of PbO@ACs in lead-carbon electrodes. Besides the physical effects, carbonaceous materials can also participate in Pb/ PbSO 4 reaction by offering conductive active area [4, 43] . The electrodeposition of Pb or PbSO 4 on carbonaceous materials surface is considered as an important origin for enhancing the cycling life of negative electrode [4, 6, 18, 19, 31, 44] . The attenuation of the cycling life of PbO@AC-3 electrode could be ascribed to the decreased electrochemical active surface area.
In order to explore the influences of PbO deposition ratio on PbO@ACs performance in lead-carbon electrode, we tested the Pb electrodeposition on PbO@ACs. The electrodeposition behaviors are exhibited in Fig. 8b and c. As shown in Fig. 8b , the deposited PbO particles facilitates the electrodeposition of Pb on AC. However, when PbO deposition ratio further increases to 20.3% (PbO@AC-3), the current density decays, which is related to the deceased electrochemical active area of PbO@ACs for lead electrodeposition. Combined with the structural properties of PbO@ACs, it suggests that the obviously decreased ESSA of PbO@AC-3 is the main reason for the attenuate performance. External surface is available in electrodeposition progress of Pb [33] . Besides, it is found that the current density of PbO@ACs is much lower than that of AC when PbO on PbO@ACs is converted to PbSO 4 . The lowest current density of sulfated lead plate points out the suppressing effects of PbSO 4 on lead electrodeposition (Fig. 8d ). Thus, it can be speculated that the electrodeposition ability of AC is further suppressed when large amount of lead sulfate appears on AC surface (Fig. 8c) . Compared with the performance of PbO@AC-2, the poorer reversibility of Pb/PbSO 4 redox reaction on PbO@AC-3 limits the reduction of PbSO 4 on AC surface and restrict conductive surface area of PbO@AC-3 functioning as active sites. The occupied ESSA and the degraded electrodepositing ability of PbO@AC-3 make itself perform poorly as a lead-carbon electrode additive.
Conclusion
In summary, a controllable preparation of PbO@ACs with different controllable PbO deposition ratios is achieved by a facile chemical-deposition/pyrolysis method in this work. The deposition of PbO particles enlarges the charge transfer resistance and time constant of HER on AC, realizing an effective inhibition on HER. In addition, the deposited PbO particles of PbO@ACs also participate in the Faradaic reaction and play important roles in the construction of negative electrode structure. The enlarged SSA of NAM is attributed to the large SSA of AC and the increased S Pb which provides more electrochemical active area for Pb/PbSO 4 redox reaction. The enhanced reversibility of Pb/ PbSO 4 redox reaction and inhibited HER make lead-carbon electrodes own a better charge acceptance during HRPSoC operation, leading to a longer cycling life compared with AC electrode. Moreover, the attenuation of the cycling life of PbO@AC-3 electrode indicates the significance of PbO deposition ratio on PbO@ACs. The retained large ESSA for Pb/ PbSO 4 redox reaction and superior reduction of PbSO 4 are the key factors for PbO@ACs to have excellent performances in lead-carbon elec trode. That's the reason why PbO@AC-2 electrode owns a better performance but PbO@AC-3 electrode exhibits a degrading performance on cycling life. 
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